The structural characteristics 01 the lignin lrom jute (Corchorus capsularis) libers, which are used lor high-quality paper pulp production , were studied. The lignin content (13.3% Klason lignin) was high compared to other nonwoody bast libers used lor pulp production. The lignin structure was characterized by pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), 2D-NMR, and thioacidolysis. Upon Py-GC/MS, jute libers released predominantly products Irom syringylpropanoid units with the S/G ratio being 2.1 and aH/G/S composition 01 2:33:65 . 2D-NMR 01 the milled wood lignin (MWL) isolated Irom jute libers showed a predominance 01 (3-0-4' aryl ether linkages (72% 01 total side chains), lollowed by (3-(3' resinol-type linkages (16% 01 total side chains) and lower amounts 01 (3-5' phenylcoumaran (4%) and (3-1 ' spirodienone-type (4%) linkages and cinnamyl end groups (4%) . The high predominance 01 the S-lignin units, together with the high proportion 01 (3-0-4' aryl ether linkages, which are easily cleaved during alkaline cooking, are advantageous lor pulping.
INTRODUCTION
Jute (Corchorus capsularis) is a herbaceous annual plant from 34 the Tiliaceae family, mostly grown in Southeast Asian countries. 47 51 35 Jute fiber is collected from the bast or outer region of the stem 62 36 after retting of the whole plant and is a good source of different 37 grades of pulpo There have been previous published studies 3 8 describing the main characteristics of this interesting fiber (1) 38 3 9 inc1uding some studies regarding jute pulping (2) (3) (4) (5) . However, 40 little information is available concerning the composition and 41 structural characteristics of the lignin from jute, whose content 42 and composition are important parameters in pulp production in 4 3 view of delignification rates, chemical consumption, and pulp 36 32  37  44  13  56   29  53  16 17  10  27  33  42  63   44 yields (6 , 7) . 45 In this paper, we report the composition and structural char- 46 acteristics of the lignin from jute fibers. The lignin composition was characterized "in situ" by pyrolysis-gas chromatography-mass 10 15 20 25 Relenlion lime (minules) 70 69 30 35 Figure 1. Py-GC/MS chromatogram 01 jute ( C. capsularis) fibers. The identities and relative abundances 01 the released compounds are listed in Table 1 . spectrometry (Py-GC/MS), a rapid and highly sensitive technique for characterizing the chemical structure of lignin (7) (8) (9) (10) . In addition, for a more complete structural characterization, the milled-wood lignin (MWL) was isolated and analyzed by 2D-NMR spectroscopy and thioacidolysis. 2D-NMR provides information on the structure of the whole macromolecule and is a powerful tool for lignin structural characterization, revealing both the aromatic units and the different interunit linkages present in the lignin polymer (11) (12) (13) (14) (15) (16) (17) . On the other hand, thioacidolysis is a selective method that degrades the most frequent interunit linkage in lignin, that is, the β-O-4 0 ether linkage. The total yields and relative distribution of the thioacidolysis monomers reflect the amount and ring type of lignin units involved in these alkyl-aryl ether bonds. In addition, the dimers recovered after thioacidolysis can provide information about the units involved in the various carbon-carbon and diaryl ether linkages, often referred to as the "condensed" bonds (including 5-5 0 , 4-O-5 0 , β-1 0 , β-5 0 and β-β 0 ) (16, (18) (19) (20) .
The knowledge of the structure of the lignin polymer of jute fibers will help to maximize the exploitation of this interesting fiber for pulp and paper production.
MATERIALS AND METHODS
Samples. Jute (C. capsularis) fibers were supplied by CELESA pulp mill (Tortosa, Spain). Jute fibers were air-dried. The dried samples were milled using a knife mill (Janke and Kunkel, Analysenm€ uhle) and successively extracted with acetone (in a Soxhlet apparatus for 8 h) and hot water (3 h at 100°C). Klason lignin content was estimated as the residue after sulphuric acid hydrolysis of the pre-extracted material according to Tappi rule T222 om-88 (21) . The acid-soluble lignin was determined, after the insoluble lignin was filtered off, by UV-spectroscopic determination at 205 nm wavelength. Ash content was estimated as the residue after 6 h of heating at 575°C. Two replicates were used for each sample. The immediate analysis of jute fibers (as percent of whole fiber) is as follows: ash, 1.0%; acetone extractives, 0.4%; water-soluble material, 1.0%; Klason lignin, 13.3%; acid-soluble lignin, 2.8%.
Lignin Isolation. MWL was extracted from finely ball-milled (ca. 100 h) plant material, free of extractives and hot water-soluble material, using dioxane-water (9:1, v/v), followed by evaporation of the solvent, and purified as described (22) . The final yield was around 20% of the original lignin content.
Analytical Pyrolysis. Py-GC/MS of jute fibers was performed in duplicate with a Curie-point pyrolyser (Horizon Instruments Ltd.) coupled to a Varian Saturn 2000 GC/MS, using a 30 m Â 0.25 mm i.d., 0.25 μm DB-5 column. Approximately 100 μg of finely divided sample was deposited on a ferromagnetic wire, then inserted into the glass linear, and immediately placed in the pyrolyser. The pyrolysis was carried out at 610°C. The chromatograph was programmed from 40°C (1 min) to 300°C at a rate of 6°C/min. The final temperature was held for 20 min. The injector, equipped with a liquid carbon dioxide cryogenic unit, was programmed from -30°C (1 min) to 300°C at 200°C/min, while the GC/MS interface was kept at 300°C. The compounds were identified by comparing the mass spectra obtained with those of the Wiley and NIST computer libraries and those reported in the literature (8, 9) . Relative peak molar areas were calculated for carbohydrate and lignin pyrolysis products. The summed molar areas of the relevant peaks were normalized to 100% and the data for two repetitive pyrolysis experiments were averaged.
NMR Spectroscopy. NMR spectrum of jute MWL was recorded at 25°C on a Bruker AVANCE 500 MHz equipped with a z-gradient triple resonance probe. Around 40 mg of jute MWL were dissolved in 0.75 mL of deuterated dimethylsulfoxide (DMSO-d 6 ) and 2D-NMR spectra were recorded in HSQC (heteronuclear single quantum correlation) experiments. The spectral widths were 5000 and 13200 Hz for the 1 H-and 13 Cdimensions, respectively. The number of collected complex points was 2048 for 1 H-dimension with a recycle delay of 5 s. The number of transients was 64, and 256 time increments were always recorded in 13 C-dimension. The 1 J CH used was 140 Hz. The J-coupling evolution delay was set to 3.2 ms. Squared cosine-bell apodization function was applied in both dimensions. Prior to Fourier transformation, the data matrixes were zero filled up to 1024 points in the 13 C-dimension. The central solvent peak was used as an internal reference (δ C 39.5; δ H 2.50). HSQC cross-signals were assigned by comparing with the literature (11) (12) (13) (14) (15) (16) (17) 23) . A semiquantitative analysis of the intensities of the HSQC cross-signal was performed (24, 25) . Because the cross-signal intensity depends on the particular 1 J CH value, as well on the T 2 relaxation time, a direct analysis of the intensities is impossible. Thus, the integration on the cross-signals was performed separately for the different regions of the HSQC spectrum, which contain signals that correspond to chemically analogous carbon-proton pairs. For these signals, the 1 J CH coupling value is relatively similar and can be used semiquantitatively to estimate the relative abundance of the different species. In the aliphatic oxygenated region, the relative abundance of side chains involved in interunit linkages were estimated from the C R -H R correlations to avoid possible interference from homonuclear 1 H-1 H couplings. In the aromatic region, C-H correlations from S and G units were used to estimate the lignin S/G ratio.
Thioacidolysis. Thioacidolysis of 5 mg of MWL was performed as described by Rolando et al. (20) using 0.2 M BF 3 etherate in dioxane/ ethanethiol 8.75:l. The reactions products were extracted with CH 2 C1 2 , dried, and concentrated. GC analysis of trimethylsilylated (using N,O-bis-(trimethylsilyl)-trifluoroacetamide, BSTFA) samples was performed with a Hewlett-Packard 6890 instrument using an Rtx 5 column from Restec Corporation (45 m Â 0.32 μm i.d., 0.25 μm film thickness) and a flame detector. The temperature was programmed from 180 to 270°C (15 min) at 40°C/min and then to 300°C (5 min) at 4°C/min. Injector and detector were at 250 and 280°C, respectively, and He was the carrier gas.
Desulphuration of Thioacidolysis Degradation Products. A total
of 200 μL of the CH 2 Cl 2 solution containing the thioacidolysis products was desulphurated as described by Lapierre et al. (18) . GC/MS analysis of the dimeric compounds was performed in a Varian Star 3400 equipment coupled to an ion-trap detector Varian Saturn 2000, using a DB-5HT fused-silica capillary column from J&W Scientific (30 m Â 0.25 mm i.d., 0.1 μm film thickness). The temperature was programmed from 50 to 110°C at 30°C/min and then to 320°C (13 min) at 6°C/min. The injector and transfer line were at 300°C. Trimeric compounds were analyzed using a short (12 m) capillary column of the same characteristics, a Varian 3800 chromatograph coupled to an ion-trap detector Varian 4000 (with a range up to 1000 m/z), and a temperature program from 60°C (1 min) to 380°C (5 min) at 10°C/min. The transfer line was at 300°C, and the injector was programmed from 120°C (0.1 min) to 380 at 200°C/min. In both analyses, He was the carrier gas (2 mL/min) and tetracosane was used as internal standard. Dimer identification was based on previously reported mass spectra (16, 18) and mass fragmentography. Table 2 for signal assignment and Figure 3 for the main lignin structures identified. Jute fibers presented a lignin content (estimated as Klason lignin) of 13.3% of the total fiber that amounted up to 16.1% by taking into account the acid-soluble lignin, in agreement with previous studies (1, 4, 5) . This lignin content is higher than that in other nonwood bast fibers used for papermaking such as hemp or flax, with a lignin content less than 5% (26) (27) (28) (29) , although it is comparable to that reported for kenaf bast fiber (30) . The composition of the lignin in jute fibers was first analyzed by Py-GC/MS, which allows for the rapid characterization of the lignin in terms of its H/G/S composition. Then, for a more detailed structural characterization, the MWL was isolated by aqueous dioxane extraction from finely ball-milled wood according to the classical lignin isolation procedure (22) and subsequently analyzed by 2D-NMR and thioacidolysis.
Py-GC/MS. The chemical composition of the lignin in jute fibers was analyzed in situ, without prior isolation, by Py-GC/ MS. The Py-GC/MS chromatogram is shown in Figure 1 , and the identities and relative abundances of the released compounds are listed in Table 1 . The compounds released arise mainly from the carbohydrate and lignin moieties. Among the carbohydratederived compounds, the main ones are hydroyacetaldehyde (1), furfural (6) The lignin-derived S-type phenols were present in higher abundances than the respective G-type phenols, with a H/G/S composition of 2:32:66 and a S/G ratio of 2.1, in agreement with previous studies (1, 5) . The high lignin S/G ratio observed in jute lignin is comparable to those observed in hardwood lignins (16, 31) . Some bast fibers commonly used for pulp and papermaking, such as flax or hemp, have very low lignin S/G ratios (0.8 and 0.3, respectively) (10, 29), although a high S/G ratio has also been found in another bast fiber, such as kenaf (10, 30) . The high S-lignin content observed in jute fibers is advantageous for delignification during pulping due to the higher reactivity of the S-lignin in alkaline systems (32, 33) . In general, the efficiency of pulping is directly proportional to the amount of syringyl (S) units in lignin. The guaiacyl (G) units have a free C-5 position available for carbon-carbon interunit bonds, which make them fairly resistant to lignin depolymerization during pulping. Higher S/G ratios imply higher delignification rates, less alkali consumption and therefore higher pulp yield (6, 7) .
A detailed analysis of the compounds released after Py-GC/ MS of jute fibers revealed the presence of sinapyl acetate, in cis and trans forms (peaks 71 and 72, respectively). Minor amounts of coniferyl acetates (cis and trans forms, peaks 64 and 67, respectively) were also detected. Acetylated lignin units have already been reported to occur in the pyrolysates of other fibers (kenaf, abaca, sisal) (10) and indicates that jute lignin is, at least partially, acetylated at the γ-carbon of the side chain. Recent studies using a modification of the so-called derivatization followed by reductive cleavage (DFRC) method, developed by Ralph and Lu (34) , indicated that jute lignin is slightly acetylated, and preferentially over the syringyl units (6.4% acetylated S-units and only 0.3% acetylated G-units) (35) . This contrasts with the lignin from the bast fibers of kenaf, a related plant from the Malvales, that is extensively acetylated (up to 60% of S-lignin) (17, 35) .
2D-NMR. For a more complete structural characterization of jute lignin, the MWL of jute fibers was isolated and subjected to 2D-NMR analysis. The HSQC NMR spectrum of jute MWL showed three regions corresponding to aliphatic, side chain, and aromatic 13 C-1 H correlations. The aliphatic (nonoxygenated) region showed signals with no structural information and therefore is not discussed in detail. The side chain (δ C /δ H 50-95/ 2.5-6.0) and the aromatic (δ C /δ H 95-135/5.5-8.0) regions of the HSQC spectrum of jute MWL are shown in Figure 2 . The main lignin cross-signals assigned in the HSQC spectrum are listed in Table 2 and the main substructures found are depicted in Figure 3 .
The side chain region of the spectrum (Figure 2a) Table 4 and the structures are shown in Figure 5 . IS refers to tetracosane used as internal standard. . This signal indicates that the lignin from jute is partially acetylated at the γ-carbon of the side chain, as shown above and in agreement with previous studies (10, 35) . The percentage of acetylation of the lignin side chain was estimated from the C γ -H γ correlations and accounted for about 4%, which is in close agreement with the DFRC results (35) . Table 4. corresponding to dibenzodioxocin structures could not be observed in the HSQC spectrum of jute MWL, as corresponds to a lignin enriched in S-units.
The main cross-signals in the aromatic region of the HSQC spectrum (Figure 2b) corresponded to the benzenic rings of the different lignin units. Signals from syringyl (S) and guaiacyl (G) units were observed. The S-lignin units showed a prominent signal for the C 2,6 -H 2,6 correlation at δ C /δ H 103.8/6.69, while the G-lignin units showed different correlations for C 2 -H 2 (δ C / δ H 110.9/6.99), C 5 -H 5 (δ C /δ H 114.9/6.72 and 6.94), and C 6 -H 6 (δ C /δ H 118.7/6.77). The double C 5 -H 5 signal revealed some heterogeneity among the G units especially affecting the C 5 -H 5 correlation, probably because it is due to different substituents at C 4 (e.g., phenolic or etherified in different substructures). Signals corresponding to C 2,6 -H 2,6 correlations in C R -oxidized S-lignin units (S 0 and S 0 ) were observed at δ C /δ H 106.1/7.32 and 106.4/7.19, respectively. However, signals of H-lignin units were not detected in the HSQC spectrum of jute MWL, in agreement with the low abundance of these units observed by Py-GC/MS (2% of H-units). The NMR estimation of the lignin S/G ratio accounts for 2.0, similar to that observed by Py-GC/MS.
The relative abundances of the main interunit linkages present in the jute MWL, as well as the percentage of γ-acetylation and the molar S/G ratios, calculated from the HSQC spectrum, are shown in Table 3 . The data indicated that the structure of jute lignin is similar to a hardwood lignin, with a high S/G ratio, a predominance of β-O-4 0 aryl ether linkages (72% of total side chains), followed by β-β 0 resinol-type linkages (16% of total side chains) and lower amounts of β-5 0 phenylcoumaran (4%), β-1 0 spirodienone-type (4%) linkages, and cinnamyl end groups (4%). It is interesting to note that no traces of β-β 0 resinol (despite being the most abundant condensed structure) and β-1 0 spirodienonetype linkages were detected in jute lignin in previous works (1) . Moreover, a small percentage (ca. 4%) of the lignin side chain was found to be acetylated at the γ-carbon, predominantly over syringyl units. Finally, a predominance of the erythro over the threo diasteroisomers (erythro/threo ratio of ca. 3.5) was observed in β-O-4 0 structures, in agreement with previous work (1) and with the tendency of S-lignin to favor the formation of the erythro isomers (36, 37) .
The high predominance of the S-lignin units, together with the high predominance of β-O-4 0 aryl ether linkages, which are easily cleaved during alkaline cooking, are advantageous for pulping. Moreover, it has been suggested that the erythro form of β-O-4 0 a Their structures are depicted in Figure 5 . Table 5 . Relative Molar Percentages of the Different Dimer Types (see Table 4 and structures is removed more rapidly in pulping that the threo form (13, 38, 39) . The high erythro/threo ratio observed is therefore advantageous for pulping. Thioacidolysis. The MWL from jute fibers was also studied by thioacidolysis. The thioacidolysis degradation products were subjected to a Raney-nickel desulphuration and the products obtained were analyzed by GC/MS. The chromatogram of the trimethylsilylated products is shown in Figure 4 . The compounds were identified according to previously reported mass spectra (16, 18) . The structures of the main compounds identified are shown in Figure 5 , and their mass spectral data and relative abundances are summarized in Table 4 .
The composition of the main monomers released after thioacidolysis showed a predominance of S over G units in the etherified jute lignin, a low abundance of H units (ca. 2%), and a H/G/S composition of 2:23:75. As expected, the molar S/G ratio obtained, 3.2, is higher than that estimated from Py-GC/MS and NMR, because the relative distribution of the thioacidolysis monomers reflect only the lignin units involved in β-O-4 0 alkylaryl ether bonds.
On the other hand, the dimers recovered after thioacidolysis can provide useful information about the different units involved in the various carbon-carbon and diaryl ether linkages, often referred to as the "condensed" bonds (including 5-5 0 , 4-O-5 0 , β-1 0 , β-5 0 , and β-β 0 ) (18, 19) . The main dimers identified were of 5-5 0 (dimers 6-8), 4-O-5 0 (9 and 11), β-1 0 (10, 12, 14, 17, 19, and 27) , β-5 0 (13, 15, 18, and 24) , β-β 0 tetralin (13, 20-23, and 26), and phenylisochroman (25, 28-30; and (iv) the β-β 0 tetralin dimers arise from breakdown of two R-Oether bonds in the pinoresinols and syringaresinols produced by the thioacidolysis, followed by desulphuration, of jute fibers, and subsequent recyclization of the reaction β-β 0 intermediates between C-R and C-3, as described by Lapierre et al. (19) .
The relative proportions of the different types of condensed dimers in the jute MWL is shown in Table 5 . Compounds with β-β 0 tetralin and β-5 0 structures were the most prominent thioacidolysis dimers released from jute MWL, accounting for 36 and 24% of the total identified dimers, respectively. The high proportion of β-β 0 dimers (tetralin-type) was in agreement with the high amounts of β-β 0 resinol substructures observed in jute lignin by 2D-NMR. More interestingly, most of the β-β 0 dimers from the jute lignin were of the syringaresinol type, pinoresinol being completely absent, and the G-S resinol structure appearing in lower abundance ( Table 5 ). The almost exclusive occurrence in jute lignin of β-β 0 dimeric structures released from syringaresinol, together with the lack of pinoresinol-derived structures, was also observed in eucalypt wood (16) .
β-1 0 dimers were also present, although in lower amounts, in jute MWL. The existence of β-1 0 dimeric substructures in lignin has been a matter of controversy for years. Recently, two β-1 0 linked substructures, spirodienones and phenylisochromans, were identified using 2D-NMR in combination with DFRC (derivatization followed by reductive cleavage) (40) (41) (42) . Phenylisochromans are resistant toward thioacidolysis, therefore, only spirodienones could be at the origin of the β-1 0 dimers observed here.
The three thioacidolysis dimeric types with the lowest abundance, that is, 5-5 0 , 4-O-5 0 , and isochroman structures, were not detected by NMR because the abundance of the original substructures was below the NMR detection level. Dibenzodioxocins are supposed to be the main biphenyl structures in lignin (43, 44) , therefore, the 5-5 0 dimers were considered mostly as being dibenzodioxocin degradation products, although simple biphenyl structures have also been reported in lignin (11, 45) . The isochroman structure is probably formed by side chain migration (from C1 to C6) of a spirodienone intermediate during lignin biosynthesis (40, 41) .
In addition to the above dimeric compounds, some thioacidolysis trimers were also identified. These trimeric compounds presented a molecular ion (and base peak) at m/z 696 and a fragment at m/z 306 (characteristic of β-β 0 tetralin dimers of the syringaresinol type). The trimers were tentatively identified as being formed by addition to the β-β 0 tetralin dimers previously described (compounds 21, 23, and 26) of a G lignin unit linked by a 4-O-5 0 ether bond (S-β-β 0 -S 0 -4 0 -O-5 00 -G 00 trimers, Figure 6 ). Three isomers of this trimeric structure were detected, as also occurred with the corresponding dimers ( Figure 6) , that were among the main dimeric compounds released from jute lignin. The same thioacidolysis trimeric compounds have been previously identified in hardwoods (16, 46) , and the corresponding G-G-G trimer has been reported in spruce (47) .
